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ABSTRACT: The reactions of substituted 1-phenylpyrazoles (phpyz-H) at [MCl2Cp*]2 dimers (M = Rh, Ir) in the presence of 
NaOAc to form cyclometalated Cp*M(phpyz)Cl have been studied experimentally and with DFT calculations. At room 
temperature, time-course and H/D exchange experiments indicate that product formation can be reversible or irreversible depending 
on the metal, the substituents and the reaction conditions. Competition experiments with both para- and meta-substituted ligands 
show that the kinetic selectivity favors electron donating substituents and correlates well with the Hammett parameter giving a 
negative slope consistent with a cationic transition state. However, surprisingly the thermodynamic selectivity is completely 
opposite with substrates with electron withdrawing groups being favored. These trends are reproduced with DFT calculations that 
show CH activation proceeds by an AMLA/CMD mechanism. H/D exchange experiments with the meta-substituted ligands show 
ortho-CH activation to be surprising facile, although (with the exception of F substituents) this does not generally lead to ortho-
cyclometalated products. Calculations suggest that this can be attributed to the difficulty of HOAc loss after the CH activation step 
due to steric effects in the 16e intermediate that would be formed. Our study highlights that the use of substituent effects to assign 
the mechanism of CH activation in either stoichiometric or catalytic reactions may be misleading unless the energetics of the CH 
cleavage step and any subsequent reactions are properly taken into account. The broader implications of our study for the 
assignment of CH activation mechanisms are discussed.
Introduction
The use of carboxylate salts, particularly acetate and pivalate, 
to effect stoichiometric and catalytic C–H activation is now 
well established.1-4 However several different terms are used 
to describe the mechanism of the C–H activation step, with, 
for aromatic substrates, SEAr,5 concerted metalation 
deprotonation (CMD),6-8 ambiphilic metal ligand activation 
(AMLA)9-10 and internal electrophilic substitution (IES)11 
being the most commonly cited. Electronic effects on reaction 
rates are often used to provide evidence to assign a particular 
CH activation mechanism. For example, the observation of 
enhanced reactivity with more electron-rich substrates or with 
electron-donating substituents is often cited as evidence for an 
SEAr process12-16 or, if an internal base is involved, AMLA or 
BIES.17-20 Alternatively, rate-enhancement with more electron-
deficient substrates, or with more electron-withdrawing 
substituents, is often assigned to a CMD CH activation 
mechanism.21-25  We show here that such a strategy may be 
flawed unless a full understanding of the details of the CH 
activation process under study are taken into account. 
Specifically, we will show below that the same 
cyclometalation reaction can give opposite substituent effects 
depending on whether the reaction is under kinetic or 
thermodynamic control. The implications of these 
observations in terms of distinguishing between SEAr, AMLA, 
CMD and BIES are also discussed.
Early studies of substrate and substituent electronic effects on 
carboxylate-assisted C–H activation focused primarily on Pd. 
In the original experimental work by Ryabov on the 
cyclometalation of dimethylbenzylamines at [Pd(OAc)2] faster 
reactions were observed with electron donating groups on the 
phenyl being activated.26 He proposed an SEAr mechanism 
with deprotonation by a coordinated acetate ligand. Our 2005 
computational study in fact showed the mechanism involved 
an agostic interaction of the C–H bond with the electron-
deficient metal center with simultaneous H-bonding to the free 
oxygen of a metal-bound acetate.10 These calculations also 
reproduced the substituent effects observed by Ryabov and we 
later termed this process Ambiphilic Metal Ligand Activation 
(AMLA).9 More recently an ESI-MS study of the kinetics of 
C–H activation of substituted acetanilides by 
[Pd(OAc]2/CF3CO2H reached similar conclusions.27 
In contrast, in 2006 both Maseras and Echavarren,6 and 
Fagnou7 independently showed that Pd-catalysed CH 
activation could be favored by electron withdrawing groups. 
In their study, Maseras and Echavarren proposed a proton 
abstraction by a coordinated bicarbonate.28 A very similar 
transition state with metal-bound bicarbonate was outlined by 
Fagnou for the direct arylation of fluorinated arenes. He 
termed these processes CMD, reflecting the Concerted 
Metallation and CH Deprotonation occurring in the transition 
state.8 
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These early results sometimes led to the conclusion that if 
electron rich substrates react faster it necessarily means that a 
CMD reaction cannot be in operation. However, Fagnou and 
Gorelsky subsequently showed that even electron rich (hetero) 
arenes that had previously been thought to favor an SEAr 
mechanism actually react via CMD.29-30 They rationalized the 
selectivity of C–H activation for a wide range of substrates 
using a distortion interaction analysis (Figure 1). Thus, -
electron rich arenes benefit from a large Eint stabilization in 
the transition state which is offset by large destabilizing Edist 
values, while for electron-deficient arenes the complementary 
situation arises with lower Eint and Edist.29,31 In both 
scenarios the overall activation barrier, Eact, is lowered 
relative to benzene. Based on the similarity of their transition 
states we have previously suggested that AMLA and CMD are 
essentially the same, in particular when the latter involves an 
internal base.32
Edist
Eint
Eact
PhPd
PMe3
O
O
ArH
ArH
PhPd
PMe3
O
O
PhPd
PMe3
O
O ArH
PhPd
PMe3
O
OH Ar
Edist: favoured by e-deficient Ar-H
Eint: favoured by e-rich Ar-H
Eact: lowered by both e-rich and e-deficient Ar-H
Figure 1. The distortion-interaction model applied to CH 
activation of (hetero)aromatic substrates, ArH, at 
[Pd(OAc)Ph(PMe3)]. Adapted from reference [29]. 
A later study by Ess suggested that the selectivity determining 
factor is the relative strength of the PdC bond being formed, 
the product with the stronger PdC bond being favored both 
kinetically and thermodynamically.33 In contrast, Fairlamb et 
al. have recently shown that the regioselectivity of the 
cyclometalations of fluorinated dimethylbenzylamines at Pd is 
dependent on the Pd precursor used.34 Thus, with [Pd(OAc)2] 
roughly equal amounts of the ortho and para products are 
formed, whereas Li2PdCl4 gave exclusively the para isomer. 
Both reactions were proposed to be under kinetic control, with 
the former suggested to proceed via an AMLA/CMD 
mechanism, and the latter more likely via SEAr.
Carboxylate-assisted CH activation has subsequently been 
characterized at a range of different metals, including Rh and 
Ir.1-4 However, despite the now widely established applications 
of such reactions in synthesis and catalysis there are 
surprisingly few detailed studies of electronic and steric 
effects on carboxylate-assisted C–H activation at these centers. 
Our original computational study on the cyclometalation of 
dimethylbenzylamine at [IrCl2Cp*]2 in the presence of 
NaOAc35 suggested an electrophilic activation with 
involvement of acetate as an intramolecular base, i.e. what we 
later9 called an AMLA mechanism. This process requires an 
unsaturated, electron-deficient, i.e. “electrophilic”, metal 
center; however, our literal use of this term has led to this 
process being interpreted as an SEAr mechanism.36, 37
In 2008 Jones carried out an experimental study of the 
cyclometalation of phenylimines and phenylpyridines at 
[MCl2Cp*]2 dimers (Scheme 1) and showed faster reactions 
for p-OMe-substituted over the p-CF3-substituted ligands, and 
that Ir reacts faster than Rh.36 For meta-substituted ligands 
steric factors led to a preference for the para isomer in the 
products. However there was no discussion as to whether these 
selectivities were kinetic and/or thermodynamic in origin. 
R
NPh
[MCl2Cp*]2
NaOAc
R
Ph
N
R = H, OMe, CF3
M = Ir, Rh
M
Cp*
Cl
Scheme 1. Formation of cyclometalated imines.36
Later computational studies by Zhang et al. on this system 
suggested that C–H activation proceeded via an AMLA/CMD 
pathway with reaction being favored both kinetically and 
thermodynamically at Ir over Rh.38 This agreed with the Ir 
reactions being faster experimentally but the higher activation 
energies for Rh were inconsistent with the reversibility of the 
reactions often seen at that metal. For example, we 
subsequently used H/D exchange experiments to demonstrate 
the reversible cyclometalation of N-phenylbenzaldimine at 
[RhCl2Cp*]2 whereas no exchange is seen with [IrCl2Cp*]2.39 
In this case computation gives similar activation barriers of 
around 18 kcal/mol at both Rh and Ir, with cyclometalation at 
Ir being significantly more exergonic. This was consistent 
with the cyclometalation of a range of hetero-aromatic imines 
being irreversible and so operating with kinetic selectivity at 
Ir. In contrast, these reactions at Rh were only slightly 
exergonic, consistent with their observed reversibility and 
leading to thermodynamic selectivity. Similar considerations 
may be relevant in the 2013 study by Müller et al. on the 
acetate-assisted cyclometalation of phosphinine ligands.37 
Faster reactions were initially seen with ligands featuring 
electron donating groups, leading to an SEAr mechanism being 
proposed via an arenium ion intermediate. However, over 
longer time periods cyclometalation of an unsubstituted 
phenyl became favored over an OMe-substituted one. 
Studies of Cp*Rh-catalysed C–H functionalization have often 
shown conflicting selectivity in terms of electronic effects 
with many reactions favoring electron donating groups,12,14-
16,18,40-44 whilst others favor electron with drawing groups.21-
22,45 For example, the catalytic C–H functionalisation of 
benzamides with Rh catalysts is promoted by substrates with 
electron withdrawing groups,45 whereas in indole synthesis46 
substrates with electron donating groups react faster. 
Substituent effects may also impact on more than just the CH 
bond cleavage step. For example, Frasco et al. showed 
computed barriers for the CH activation of substituted 
benzenes at [Ir(OAc)2(DMSO)Cp*] correlated with the 
Hammett parameter for electron donating groups, but that no 
correlation was seen with electron withdrawing groups.47 This 
is proposed to reflect the reversible formation of a H-bonded 
adduct prior to the C–H cleavage step, with electron 
withdrawing groups affecting more the energy of adduct 
formation, whilst electron-donating groups impact on the 
actual CH bond cleavage step. Larrosa and Macgregor have 
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also shown that an holistic assessment of substituent effects is 
required to understand reactivity patterns in the Ru(II)-
catalysed arylation of substituted benzoates, with benzoate 
binding, cyclometalation, and subsequent deprotonation of the 
benzoic acid formed, all contributing.48
In summary, several different mechanisms have been proposed 
for carboxylate-assisted C–H activation, including SEAr, 
AMLA/CMD and BIES, and substituent effects have often 
been used to try to delineate these possibilities. In this study 
we investigate electronic and steric effects on the acetate-
assisted cyclometalation of substituted 1-phenylpyrazoles at 
[MCl2Cp*]2 dimers (M = Ir, Rh). We aim to characterize the 
mechanism of C–H activation and to explain the origin of the 
observed selectivities and find that a full appreciation of both 
kinetic and thermodynamic effects is essential if appropriate 
conclusions are to be drawn. We also consider the wider 
implications for mechanisms of carboxylate-assisted C–H 
activation. In particular what differences, if any, there are, 
between SEAr, AMLA/CMD and BIES and whether electronic 
effects can be a good guide to distinguish between them? 
Results and Discussion
Reactions of the para-substituted ligands (L1-R) with the 
appropriate dimer, [MCl2Cp*]2, (M = Ir, Rh) in MeOH or a 
mixture of DCM and MeOH in the presence of NaOAc gave 
the meta-substituted compounds 1a-R and 1b-R respectively 
(Scheme 2). Similar reactions with meta-substituted ligands 
L2-R can, in principle, give rise to ortho- or para-substituted 
products (2-R and 3-R respectively Scheme 3). All the 
compounds were fully characterized by 1H and 13C NMR 
spectroscopy and in several cases by X-ray crystallography 
(See SI). Compounds with L1-H have been reported 
previously.49
 
MeOH, NaOAc
N
N
R
[MCl2Cp*]2
M = Rh, Ir
1a-R (M = Ir)
1b-R (M = Rh)L1-R
N
N
R
R = H, NMe2, OMe, Me, F, CF3, NO2
M
Cp*
Cl
Scheme 2. Formation of meta-substituted cyclometalated 
complexes 1a-R (M = Ir) and 1b-R (M = Rh).
All of the reactions with [IrCl2Cp*]2, went to > 90% 
conversion usually within 1 hour except for L1-NO2 which 
was slower. The corresponding reactions with [RhCl2Cp*]2 
were considerably slower and often did not go to completion. 
With electron withdrawing substituents the reactions required 
at least 24 hours to give conversions of  >80% and for L1-NO2 
the reaction required heating to 60 C for high conversion 
(>90%). Jones has previously noted that cyclometalation 
reactions with [RhCl2Cp*]2 often do not go to completion but 
reach equilibrium.36 
For reactions with L2-R the isomer ratios for both metals are 
shown in Table 1. With the largest substituents (NMe2 and 
CF3) only the para isomers 3 were isolated for both Ir and Rh. 
In the reactions with L2-Me, Ir gave a small amount of the 
ortho isomer 2a-Me whereas with Rh only the para isomer 
3b-Me was observed.  The ligands with the more 
electronegative substituents L2-OMe, -F and -NO2 all showed 
a mixture of both isomers with both Ir and Rh. For L2-F in 
Table 1 the ortho isomer 2-F is favored by Ir and Rh and in 
the case of Rh over time the preference for the ortho isomer 
increases.
DCM/MeOH
NaOAc
N
N[MCl2Cp*]2
M = Rh, Ir
N
N M
Cp*
Cl
R
N
N M
Cp*
Cl
RR
+
2a-R (M = Ir)
2b-R (M = Rh)L2-R
R = H, NMe2, OMe, Me, F, CF3, NO2
3a-R (M = Ir)
3b-R (M = Rh)
Scheme 3. Formation of ortho and/or para-substituted 
cyclometalated complexes 2a-R and 3a-R (M = Ir) and 2b-R 
and 3b-R (M = Rh).
Table 1. ortho:para ratios (2-R:3-R) for Ir and Rh complexes.
R Ir Rh
Initial ratio 
o:p
Final 
ratio o:p
Initial ratio 
o:p
Final 
ratio o:p
NMe2 0:1 0:1
CF3 0:1 0:1
Me 1:10 1:10a 0:1
OMe 1.2:1 1:1.4c 1:1.3 
(1:4.2)b
1:3.9c
F 4.5:1 40:1d 19:1 (33:1)b 44:1c
NO2 1:2.6 0:1d 2:1 (1:2.7)b 0:1c
a No significant change after heating but accurate integration 
difficult due to closeness of signals for both isomers. bNumber in 
brackets is the ratio after several hours if there is a significant 
change at rt. cAt 50 C in MeOH/DCM mixture after several days 
heating. dIn TFE with PivOH at 90 C using excess ligand.
Overall, the results in Table 1 are consistent with previous 
observations that a bulky group favors the para isomer due to 
steric effects.36 However, an important additional observation 
in our study is that in the reactions with Rh the ratio of 
isomers changed over time: for L2-F the o:p ratio increased 
from 19:1 to >30:1; with L2-OMe an initial o:p ratio of 1:1.3 
increased to 1:4.2; and with L2-NO2 an initial o:p ratio of 2:1 
(6% conversion) changed to 1:2.7 (55% conversion). These 
changes are consistent with the Rh reactions being reversible 
and that in all cases, except F, the para isomer is favored 
thermodynamically. In contrast, for the reactions with Ir none 
of the isomer ratios changed at room temperature. To 
investigate the thermodynamic selectivity further, the 
reactions were heated and in some cases pivalic acid was 
added to aid reversibility (Table 1, footnotes b and c). The 
results confirm that (again with the exception of L2-F) the 
para isomer is favored thermodynamically for both metals.
Several of the cyclometalated products were suitable for X-ray 
diffraction and the structures all show the expected piano stool 
geometry with the Cp* ring bonded asymmetrically to the 
metal center with two long MC bonds (trans to the 
cyclometalated bond, MC(9)) and three short ones (see 
Table S1a-c for structures and selected bond lengths and 
angles). For the meta-substituted complexes, 1-R, there is no 
correlation between the MC(9) bond length and the electron 
donating or withdrawing character of the substituent. For 
example, for Rh complexes 1b-NMe2, and 1b-CF3 the 
RhC(9) distances [2.031(3) and 2.032(3) Å respectively] are 
statistically the same. Similarly for the para-substituted 
complexes 3b-OMe, 3b-CF3 and 3b-NO2, there is no 
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significant variation in RhC(9) bond length [2.049(3) Å 3b-
OMe, 2.026(8) Å 3b-CF3 and 2.039(4) Å 3b-NO2]
Deuteration experiments
To check the reversibility of the reactions deuteration 
experiments were carried out (see Table S2). For ligands L1-R 
reacting at Ir there was no evidence for deuterium 
incorporation at room temperature, although L1-NMe2 did 
show H/D exchange (about 10% D) after heating at 50 C for 3 
days. In contrast, with Rh both L1-NMe2 and L1-OMe 
showed some deuterium incorporation even at room 
temperature (8% D after 2 days and 22% D after 10 days 
respectively). These results confirm that for Rh the CH 
activation, with electron donating substituents, is reversible. 
Similar deuteration experiments were also performed at room 
temperature for some50 of the meta-substituted L2-R ligands. 
In this case, deuterium incorporation can, in principle, occur at 
two different positions, site A, ortho to the substituent and site 
B, para to the substituent (see Scheme 4 and Table S2).
M = Rh, Ir
N
N
HH
R
A B
N
N
H/DH/D
R
[MCl2Cp*]2 (5%)
NaOAc
(4.0 equiv.)
CD3OD
R = NMe2, OMe, Me
(20 equiv.)
N
N
M+
R
Cp*
O
R HO
A B
M
Rh
Ir
R
NMe2
OMe
Me
NMe2
A
44%
41%
14%
76%
B
62%
25%
62%
33%
Scheme 4. Room temperature H/D exchange for meta-
substituted ligands at sites A and B.
For Ir, only L2-NMe2 showed H/D exchange with 76% 
deuteration in position A and 33% in position B after just 15 
minutes. Whilst exchange at position B is consistent with 
observation of the para product 3a-NMe2, exchange at 
position A is unexpected since it would correspond to 
formation of the ortho isomer 2a-NMe2, which was not 
observed as a product in the preparative reaction (see above). 
Indeed, the higher percentage exchange in site A compared to 
site B suggests that C–H activation at the ortho position is 
easier than at the para position which is opposite to what was 
expected on the basis of the observed cyclometalated products. 
Reaction of L2-NMe2 with Rh gave deuterium incorporation 
in both positions after 15 min (44% A 62% B), indicating that 
ortho-C–H activation is also feasible for Rh, athough 
exchange is faster in the para position in this case. For Rh, 
both L2-OMe and L2-Me showed H/D exchange at room 
temperature at both positions with site A favored for L2-OMe 
(41% A, 25% B) and site B favored for L2-Me (14% A, 62% 
B). These observations show C–H activation at the ortho 
position is accessible for Rh even though in the case of L2-Me 
no ortho product was observed in the preparative reaction. 
Together, the deuteration studies and the changes in 
regioisomeric ratios indicate that C–H activation is more 
reversible with the electron donating substituents and that 
reactions with Rh are considerably more reversible than those 
with Ir. In addition, the lack of observation of the ortho isomer 
of the final cyclometalated product is not necessarily due to a 
higher barrier to C–H activation at that site. 
Competition Experiments
Having prepared all the relevant complexes we then 
investigated their relative rates of formation by carrying out 
competition reactions in which two ligands compete for 
reaction with a limiting amount of metal (5:5:1 ratio of 
ligand:ligand:metal) (Scheme 5). 
M = Rh, Ir
N
N
[MCl2Cp*]2
(1 equiv.)
NaOAc
(4 equiv)
DCM/MeOH (4:1)
RT
R1/R2 = NMe2, OMe,
Me, H, F, CF3, NO2
N
N
M
Cp*
Cl
N
N
+
N
N
M
Cp*
Cl
+
5 equiv. 5 equiv.
R1 R2 R1 R2
Scheme 5. Competition experiments; for results of individual 
experiments see ESI.
In initial experiments it was found that the reactions are much 
faster in MeOH than in DCM as has been observed previously 
for similar reactions.36,39 However, some products were 
insoluble in pure MeOH hence the reactions were carried out 
in DCM:MeOH (4:1) to increase solubility and provide more 
convenient reaction times for monitoring by 1H NMR 
spectroscopy. To establish whether any selectivity is kinetic or 
thermodynamic, the ratio of products was measured at room 
temperature after a short reaction time (usually 15 minutes) 
and again at longer times and after heating (if necessary, using 
TFE as a solvent in the presence of pivalic acid) to see if there 
was any change in the ratio. 
The results of competition experiments of L1-R with 
[IrCl2Cp*]2 in the presence of NaOAc to form meta-
substituted complexes 1-R are shown in Table S3, with those 
for L2-R in Table S4. For L2-R, to minimize overlap in the 
NMR spectra, where possible, competition reactions in which 
only one ligand would lead to two isomers were carried out.
Figure 2. Hammett plot of log (kR/kH) for formation of meta 1-R 
and para-substituted 3-R complexes of Ir against m and p.
The relative rates of formation of the meta- and para-
substituted complexes51 are shown in Table S5 and the 
Hammett plot is shown in Figure 2. As can be seen, a good 
straight line (correlation = 0.97) with a negative slope (-2.7) 
was obtained when using m and p. The negative slope arises 
from faster reactions with electron donating substituents and is 
characteristic of a cationic intermediate with some build-up of 
positive charge in the transition state. However, the modest 
value (-2.7) for slope () is lower than expected for an SEAr 
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mechanism.5 In addition, a poorer fit (correlation = 0.89) with 
a negative slope (-1.7) was obtained when using m+ and p+ 
(see Figure S3) providing further evidence against an SEAr 
mechanism. 
The results of the competition experiments with [RhCl2Cp*]2 
are shown in the ESI (Tables S6 and S7) with the kR/kH values 
(Table S8) and the Hammett plot (Figure S4). The Hammett 
plot again shows a good straight line correlation (0.99) with a 
negative slope (-2.3). A poorer correlation (0.95) with a 
negative slope (-1.5) was obtained when using m- and p+ 
(Figure S5). 
As found for the o:p ratios described above, in the competition 
reactions, particularly for Rh and for electron donating 
substituents, the ratios of products changed over time (Tables 
S6 and S7). At short reaction times the ratio reflects kinetic 
selectivity and the later ones reflect the thermodynamic 
preference. For reactions with Ir and those with electron 
withdrawing substituents the reactions were heated, if 
necessary with pivalic acid to promote reversibility and hence 
achieve the thermodynamic selectivity The results are plotted 
as ln(KR/KH) (KR/KH = equilibrium ratio with respect to H) 
versus the Hammett parameter (Figure 3) and are discussed 
further below. 
Figure 3. Plot of ln(KR/KH) for formation of meta 1a-R and para-
substituted 3a-R complexes of Ir against m and p.
The plot shows a reasonable straight line with a positive slope 
showing that ligands with more positive Hammett values (i.e. 
with electron withdrawing substituents) now correlate with 
more thermodynamically stable products. This is entirely 
opposite to the kinetic selectivity. Thus, electron donating 
groups are favored kinetically but electron withdrawing 
groups are favored thermodynamically.  It is clear therefore 
that if one were to draw conclusion about the type of 
mechanism involved on the basis of these electronic effects 
alone, a different answer would be obtained depending on 
whether the reaction were under kinetic or thermodynamic 
control. This also shows that a single mechanism can favor 
either electron donating groups or electron withdrawing 
groups based on the reaction conditions. We believe that this 
possibility has so far been overlooked. 
Computational Studies
Kinetic and Thermodynamic Selectivities. To understand 
the different reactivity patterns exhibited by these [MCl2Cp*]2 
dimers, DFT calculations on the cyclometalation of ligands 
L1-R and L2-R have been carried out, using our previously 
established protocol39 with DCM as solvent.52 Computed 
profiles for the reactions of L2-NMe2 and L2-NO2 at 
[IrCl2Cp*]2 and [RhCl2Cp*]2 to give the para-substituted 
cyclometalated products, 3a-R and 3b-R, are shown in Figures 
4a and 4b, respectively, along with the labelling scheme used 
in the computational study.
The computed mechanisms for these cyclometalation reactions 
are similar to those described previously by us35,39,53 and 
others.32 Opening the [MCl2Cp*]2 dimers (A) with acetate 
produces both [MCl(OAc)Cp*] (B) and [M(OAc)2Cp*] (C), 
and the energy of the latter (along with that of free L2-NMe2 
or L2-NO2 as appropriate) is set to 0.0 kcal/mol. Ligand 
addition then forms Dp, followed by loss of acetate to give 
cation Ep. For L2-NMe2 C–H activation proceeds via an 
agostic intermediate, Int(E-F)p,54 and gives acetic acid adduct 
Fp. Dissociative substitution of HOAc by Cl- via F1p then 
forms the final cyclometalated product Gp. A similar sequence 
is seen with L2-NO2, although in this case C–H activation 
occurs in a single step via TS(E-F)p.55 
The computed profiles show a clear kinetic preference for the 
reactions of L2-NMe2 at both Ir and Rh. For M = Ir the overall 
barrier is 15.6 kcal/mol with the rate-limiting transition state, 
TS(E-F)1p, corresponding to the 2-1 displacement of acetate 
to form the agostic intermediate Int(E-F)p. For M = Rh the 
CH cleavage transition state, TS(E-F)2p (+13.5 kcal/mol), is 
slightly higher than TS(E-F)1p (+13.2 kcal/mol), although in 
this case 16e F1p at +13.9 kcal/mol is actually the highest 
point on the profile. For L2-NO2 the highest lying stationary 
point, TS(E-F)p, corresponds to similar barriers at both Ir 
(23.9 kcal/mol) and Rh (23.3 kcal/mol). Product formation 
with L2-NO2 is thermodynamically favored, with Gp being ca. 
5 kcal/mol lower for 3-NO2 than 3-NMe2 for both metals. 
To substantiate these trends, full reaction profiles were 
computed for the cyclometalation of the remaining L2-R 
ligands to form para-substituted complexes, as well as the full 
set of L1-R ligands to form the meta-substituted complexes 
1a/1b-R and full details of all these processes are provided in 
the ESI. In all these cases the highest lying stationary point is 
associated with the CH activation process and plots of G‡, 
the overall barrier, and G, the overall free energy change to 
form the cyclometalated products, against the relevant m and 
p Hammett constants are shown in Figure 5(a) and 5(b) 
respectively. For both metals these show excellent, but 
opposite, correlations for G‡ and G, with electron donating 
groups providing lower barriers, and electron withdrawing 
groups greater reaction exergonicities. The calculations 
therefore capture the swap in the substituent effects seen 
experimentally when moving from kinetic to thermodynamic 
control. Computed values of G‡ for Rh are consistently lower 
than for Ir, and this initially appears at odds with the faster 
cyclometalations seen at Ir. However, the lower reaction 
exergonicities at Rh suggest these processes will be more 
reversible (G = -3 to -8 kcal mol-1) than at Ir (G = -7 to -14 
kcal mol-1). The longer reaction times at Rh therefore reflect a 
slow approach to equilibrium rather than a simple kinetic 
effect associated with the forward reaction. This is also 
consistent with some 
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Figure 4. Computed free energy profiles (kcal/mol) for the reactions of L2-NMe2 (blue) and L2-NO2 (black) at (a) [IrCl2Cp*]2 and 
(b) [RhCl2Cp*]2. Free energies are quoted relative to [M(OAc)2Cp*] (C) and the free ligand set to 0.0 kcal/mol.
of the Rh reactions not reaching completion (in particular with 
electron donating substituents for which G is smallest), with 
the observed changes in o:p isomer ratios as several of these 
reactions proceed, as well as with the observation of H/D 
exchange mediated by Rh. For Ir the reaction with L2-NMe2 
to give 3a-NMe2 has the lowest barrier and is the least 
exergonic, and these features are consistent with this being the 
only reaction at Ir that is reversible at room temperature. 
Figure. 5. Plots of computed values of G‡ and G (kcal/mol) 
against m and p Hammett constants for the reactions of L1-
R and L2-R to form 1a/b-R and 3a/b-R.
Ortho-C-H Activation. Calculations were also employed to 
account for the different ortho/para selectivities seen with the 
ligands L2-R (Table 1) and in particular the surprising 
observation of ortho-H/D exchange in the reactions of L2-
NMe2, L2-Me and L2-OMe at Rh, as well for L2-NMe2 at Ir 
(Scheme 4). Figure 6 compares computed pathways for ortho- 
and para-cyclometalation of L2-NMe2, L2-Me, L2-OMe and 
L2-F at Rh, where the profiles have been truncated to show 
just the highest lying transition state prior to the formation of 
the CH activated intermediates Fo/p as well as their onward 
reactions via F1o/p to form the products Go/p.   
Experimentally for Rh both L2-NMe2 and L2-Me form 
exclusively the para-substituted products and the computed 
profiles are consistent with this with the para-pathways (in 
blue) exhibiting lower overall barriers and the para-substituted 
products being more stable. The ortho-pathways (in red) 
actually have similar barriers for the formation of Fo, however 
the high energy of 16e F1o means the ortho-pathway is 
kinetically disfavored. The reactions of L2-F and L2-OMe 
show o/p mixtures at room temperature with final ratios of 
44:1 and 1:3.9 respectively. For L2-F formation of the ortho-
product is computed to be favored kinetically and 
thermodynamically, consistent with the observed ortho-
selectivity. A similar pattern is computed with L2-OMe and 
suggests the ortho-isomer should again dominate; 
experimentally a final o:p ratio of 1:3.9 is seen, which 
indicates the two products must be very close in energy. In 
contrast to L2-NMe2 and L2-Me, for both L2-F and L2-OMe 
intermediate F1o lies below the preceding CH activation 
transition state.     
The high energies of intermediates F1o computed with L2-
NMe2 and L2-Me arise from the proximity of the ortho 
substituent to the Cp* ring (see Figure 7 for L2-NMe2). This 
results in structural distortion, as seen in the angle between the 
best-fit planes of the Cp* C5 ring and the {RhNNCC} 
metallacycle (67.7), as well as in the sp3-hydridisation of the 
NMe2 
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Figure 6. Computed free energy profiles (kcal/mol) for the ortho- (red) and para-cyclometalation reactions (blue) of L2-R at 
[Rh(OAc)2Cp*].
nitrogen (sum of angles around N = 342.5) that serves to 
reduce the steric clash with the Cp* ring. In contrast, in the 
absence of steric effects, F1p displays effective Cs symmetry.  
N
N
N
M
Me
Me
N
N
M
N
Me
Me
F1o F1p
Figure 7. Schematic structures of F1o and F1p illustrating 
steric hindrance in F1o.
Significantly, Figure 6 shows the steric effect associated with 
the ortho-Me and NMe2 substituents only begins to have a 
major energetic impact once the MC bond has been formed 
in Fo, and this presumably reflects the greater distances 
between the ortho substituent and the Cp* ring prior to that 
point. ortho-C-H activation to form HOAc adduct Fo is 
therefore readily accessible for both L2-Me and L2-NMe2 
even if the onward reaction to form Go is then disfavored. 
ortho-deuteration of the free ligand can be accounted for via 
reversible formation of Fo, with H/D exchange with CD3OD 
co-solvent occurring at Fo. With L2-OMe H/D exchange 
could in principle also occur at Fo, but in this case onward 
reaction to form Go is accessible and reversible. HOAc can 
therefore undergo H/D exchange with CD3OD solvent before 
reacting with Go to deuterate the ligand.  Of the remaining L2-
R ligands, L2-CF3 behaves in a similar way to L2-NMe2/L2-
Me while L2-NO2 is more like L2-F/L2-OMe. With L2-NO2 
the ortho-pathway is computed to be favored kinetically while 
the para-substituted cyclometalated product is more stable, 
and these results are consistent with the evolution of the o:p 
ratio seen experimentally, from initially a 2:1 ratio to 1:10 
over longer timescales.
Computed profiles for the reactions of L2-NMe2 at Ir are 
shown in Figure 8. Formation of Fo can readily occur via 
TS(E-F)1o and the subsequent loss of HOAc again entails an 
additional energetic cost. This effect is, however, less 
significant than for the Rh systems and as a consequence F1o 
is similar in energy to TS(E-F)1p, the high point along the 
para pathway. Experimentally, H/D exchange indicates both 
the ortho- and para-reactions are reversible and so the 
observed product will be formed under thermodynamic 
control, and computationally, Gp is found to be 1.7 kcal/mol 
more stable than Go. Moreover, H/D exchange with CD3OD 
solvent could occur at Fo or upon dissociation of HOAc in 
forming F1o or Go, the reversibility of all these processes 
allowing for ortho-H/D exchange at the free ligand.
R = NMe2
Go
Gp
F1o
F1p
Fo
Fp
TS(E-F)1o
TS(E-F)1p
Dp
Do
G
(k
ca
l/m
ol
)
0.0
+20.0
+10.0
-10.0
Figure 8. Computed free energy profile (kcal/mol) for the 
ortho- (red) and para-cyclometalation reactions (blue) of L2-
NMe2 at [Ir(OAc)2Cp*].
Discussion
This study has highlighted that completely opposite 
selectivities are possible in the cyclometalation reactions of 
para- and meta-substituted 1-phenylpyrazoles at [MCl2Cp*]2 
dimers (M = Rh and Ir) depending on whether the reactions 
are run under kinetic or thermodynamic control. In the kinetic 
regime electron donating groups accelerate the reaction, 
whereas under thermodynamic control electron withdrawing 
groups are favored.  Assigning the mechanism for the current 
cyclometalation reactions on the basis of substituent electronic 
effects alone would therefore lead to a different answer 
depending on whether the system was under kinetic or 
thermodynamic control. However, under both circumstances 
here the mechanism must be the same. Thus a single 
mechanism may favor either electron donating groups or 
electron withdrawing groups based on the reaction conditions. 
We believe that this possibility has so far been overlooked. 
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With meta-substituted ligands L2-R most reactions proceed 
with para selectivity and it is only with L2-F that the ortho 
isomer is favored both kinetically and thermodynamically. The 
formation of ortho-cyclometalated products in the reactions of 
fluorinated dimethylbenzylamines at [Pd(OAc)2] has 
previously been taken as evidence for an AMLA mechanism 
rather than SEAr.34 The para-selectivity is predominantly steric 
in origin, however, the observation of ortho-H/D exchange 
with some L2-R ligands reveals an unexpectedly accessible 
CH activation ortho to the substituent R. Indeed, ortho-C–H 
activation can even be faster than para-CH activation, as 
seen in the greater amount of ortho-deuteration observed for 
L2-NMe2 at Ir and L2-OMe at Rh. A similar example was 
previously noted by Fagnou and coworkers.46 Our calculations 
show that with bulky R groups loss of HOAc after ortho-CH 
activation can be difficult due to steric effects in the 16e 
intermediates F1o and similar steric effects can also disfavor 
the ortho-cyclometalated products Go. Thus, as suggested by 
others, the o:p selectivity is steric in origin; however, we have 
now shown that this steric effect only has a significant impact 
after the C–H activation step.  
For the current system, NBO charge distributions were 
analysed for stationary points along the computed pathways 
for the para-C–H activation of L2-NMe2 and L2-NO2 at both 
Rh and Ir (see Figures S6-11). These indicate the major 
change to be a polarization of the C–H bond undergoing 
activation. In addition, only very minor changes are computed 
for the C–C distances around the activating arene ring.31 There 
is therefore no evidence for a Wheland intermediate (i.e. an 
SEAr process). These reactions therefore adhere to the AMLA 
paradigm whereby the ambiphilic combination of a Lewis 
acidic (i.e. electrophilic) metal center and a chelating base act 
synergically to cleave the CH bond. We have previously 
discussed the similarity of AMLA and CMD and our current 
results are consistent with our earlier work9-10,35 and with the 
thorough analysis of the AMLA/CMD process recently 
provided by Nielsen and coworkers.56
In the context of previous work on mechanisms of 
carboxylate-assisted C–H activation, Fagnou and Gorelsky 
showed that the reactions of a wide range of (hetero)aromatic 
substrates were accelerated (relative to benzene) with more 
electron-deficient and more electron-rich substrates.29 They 
showed a CMD mechanism was relevant for all these 
substrates and rationalized the reactivity patterns in terms of a 
kinetic effect (see Figure 1). Our present study shows that 
opposite substituent effects are also possible in a single 
reaction, depending on whether the reaction is under kinetic or 
thermodynamic control. Hence, relying on electronic 
substituent effects to assign the mechanism of CH activation 
is potentially dangerous.  If electron withdrawing substituents 
react faster, this provides good evidence for an AMLA/CMD 
mechanism, and in such cases SEAr is clearly not possible. On 
the other hand, if a reaction is promoted by electron donating 
substituents (or with more electron rich substrates) then it does 
not necessarily mean that it is proceeding via an SEAr 
mechanism and, as seen here, AMLA/CMD must still be 
considered as a possibility.  
BIES has sometimes been proposed to describe an 
electrophilic type mechanism that occurs in the presence of an 
internal base and is signaled by substrates with electron 
donating groups reacting faster.18-20 However our study 
demonstrates that such reactions can proceed via 
AMLA/CMD. We therefore suggest that AMLA/CMD and 
BIES are in fact essentially all the same mechanism, especially 
when CMD also features an internal base.55 
In terms of the broader issue of interpreting the nature of a 
CH activation within a CH functionalization catalytic cycle, 
the relevance of any substituent effect on the overall rate will 
firstly depend on the identity of the rate-determining process. 
If this does not involve CH bond cleavage then a substituent 
effect may not inform on the nature of the CH activation. 
This situation has many parallels with the interpretation of 
kH/kD kinetic isotope effects (KIEs) provided by Hartwig.57 It 
is also worth noting that ‘CH activation’ may itself involve 
several steps, including co-ordination of the ligand to the 
metal, possible formation of a cation by loss of acetate, CH 
bond cleavage and then HOAc substitution by another ligand. 
The actual CH bond cleavage step may not necessarily be the 
most difficult of these processes and so may not be rate-
limiting. In addition we have shown that even where the 
overall C–H activation process is likely to be rate limiting, the 
rate-limiting transition state may not involve significant 
lengthening or the C–H bond meaning that a significant kH/kD 
KIEs is not observed.58 This situation arises where the 
transition state corresponds to the 2- 1-displacement of 
acetate which proceeds with minimal CH bond elongation. 
Such cases could be viewed as a very early transition state for 
which a significant kH/kD KIE would not be expected.   
Non-rate-limiting CH activation can, however, be selectivity 
determining and so reflect a substituent effect. Our results 
show that the interpretation of selectivity effects will depend 
on whether CH activation is reversible within the catalytic 
cycle (thermodynamic control) or irreversible (kinetic 
control). Indeed, this may depend not only on the reaction 
conditions but also on the activation barriers for the 
subsequent steps. In many cases CH activation with Cp*Rh 
is reversible in the absence of a coupling partner, but 
apparently irreversible (based on H/D exchange) in the 
presence of such a substrate. The latter situation pertains when 
the transition state energy for the next step is lower than for 
CH activation. The context of the CH activation process 
within the catalytic cycle must therefore be understood if 
appropriate conclusions are to be made. Returning to the 
current work, we have described a system where the 
selectivities differ depending on whether kinetic or 
thermodynamic control is in play. In other cases the selectivity 
may not change upon varying the reaction conditions and 
other factors may dominate the observed selectivity, including 
the charge of the catalyst, cationic (as here) or neutral as in 
direct arylation studied by Fagnou, or charge of a directing 
group, neutral here but sometimes anionic.)
Conclusions
We have reported here a series of acetate-assisted 
cyclometalations of meta- and para-substituted 1-
phenylpyrazoles at [MCl2Cp*]2 dimers (M = Ir, Rh). 
Electronic substituent effects depend on whether the reaction 
is under kinetic or thermodynamic control. Under kinetic 
control, the relative rates of cyclometalation correlate well 
with the Hammett parameters of the substituents, with faster 
reactions observed with electron donating substituents. 
However, under thermodynamic control the products with 
electron withdrawing substituents are preferred. Despite these 
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apparently conflicting selectivities all these reactions proceed 
by an AMLA/CMD CH activation mechanism and the 
observed selectivity depends on the substituent, the metal and 
the reaction conditions. 
Our results show that attempting to assign the mechanism of a 
carboxylate-assisted CH activation through the use of a small 
number of competition reactions involving differently 
substituted substrates is potentially dangerous without further 
information on whether kinetic or thermodynamic control is 
involved. For catalysis this may also be dependent on the 
transition state energy for the next steps in the cycle. If such a 
reaction is promoted by electron deficient substrates it is likely 
to be proceeding by an AMLA/CMD mechanism. However, 
the situation is less clear if electron donating substituents 
promote the reaction: such processes are certainly 
“electrophilic”, in that they involve an electron deficient metal 
center, but this should not be taken to mean they necessarily 
involve an SEAr mechanism. If such reactions work 
significantly better with carboxylate bases, and the nature of 
the carboxylate has an effect on the C–H activation step, then 
it is likely that an AMLA/CMD/BIES mechanism is involved. 
In our opinion AMLA/CMD and BIES are essentially all the 
same mechanism. 
H/D exchange reactions highlight a surprising kinetic 
accessibility for ortho-C-H activation in a number of meta-
substituted 1-phenylpyrazoles. Analysis of these reactions 
shows that in these half-sandwich complexes steric effects 
have the largest impact after the CH activation step. In 
particular HOAc dissociation is significantly disfavored due to 
the high energy of the 16e intermediates formed. HOAc 
dissociation can therefore be a kinetically relevant process that 
may need to be taken into account when considering the 
mechanism of CH activation, whether as a stoichiometric 
process or within a catalytic cycle. 
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 Figure 1. The distortion-interaction model applied to C-H activation of (hetero)aromatic substrates, Ar-H, at 
[Pd(OAc)Ph(PMe3)]. Adapted from reference [29]. 
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 Figure 2. Hammett plot of log (kR/kH) for formation of meta-1-R and para-substituted 3-R complexes of Ir 
against σm and σp. 
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 Figure 3. Plot of ln(KR/KH) for formation of meta 1a-R and para-substituted 3a-R complexes of Ir against 
σm and σp. 
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 Figure 4. Computed free energy profiles (kcal/mol) for the reactions of L2-NMe2 (blue) and L2-NO2 (black) 
at (a) [IrCl2Cp*]2 and (b) [RhCl2Cp*]2. Free energies are quoted relative to [M(OAc)2Cp*] (C) and the free 
ligand set to 0.0 kcal/mol. 
320x142mm (300 x 300 DPI) 
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 Figure 5. Plots of computed values of ΔG‡ and ΔG (kcal/mol) against σm and σp Hammett constants for the 
reactions of L1-R and L2-R to form 1a/b-R and 3a/b-R 
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 Figure 6. Computed free energy profiles (kcal/mol) for the ortho- (red) and para-cyclometalation reactions 
(blue) of L2-R at [Rh(OAc)2Cp*]. 
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 Figure 7. Schematic structures of F1o and F1p illustrating steric hindrance in F1o. 
78x39mm (300 x 300 DPI) 
Page 19 of 25
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 Figure 8. Computed free energy profile (kcal/mol) for the ortho- (red) and para-cyclometalation reactions 
(blue) of L2-NMe2 at [Ir(OAc)2Cp*] 
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 Scheme 1. Formation of cyclometalated imines.36 
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 Scheme 2. Formation of meta-substituted cyclometalated complexes 1a-R (M = Ir) and 1b-R (M = Rh). 
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 Scheme 3. Formation of ortho and/or para-substituted cyclometalated complexes 2a-R and 3a-R (M = Ir) 
and 2b-R and 3b-R (M = Rh). 
108x43mm (300 x 300 DPI) 
Page 23 of 25
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 Scheme 4. Room temperature H/D exchange for meta-substituted ligands at sites A and B 
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 Scheme 5. Competition experiments; for results of individual experiments see ESI. 
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